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Machining damage in hot pressed (NC132) silicon nitride, due 
to surface grinding and polishing, has been simulated by dragging 
a Knoop indentor across the surface of optically polished 
samples. The reflection coefficient of the cracks thus generated 
was measured versus frequency, and was found to be in excellent 
agreement with the theoretical calculations of Achenbach and 
Brind. 1 We found that the long slot-like cracks were closed at 
the top (about 20% of the total crack depth), which was due to the 
residual stress introduced when the samples were scratched. By 
taking into consideration the crack closure, and with the results 
of our scattering measurements, we were able to make failure 
stress predictions with an accuracy of better than 10%. 
Cutting, grinding, and polishing operations leave subsurface 
damage in brittle materials. In high quality ceramics such as hot 
pressed silicon nitride, the subsurface machining damage c~n be 
the major strength reducing factor. In some earlier work, ,3 we 
found that machining operations leave subsurface long slot-like 
cracks. We simulate the machining damage by pushing a Knoop 
indentor into the surface of a sample, then dragging the indentor 
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to generate a subsurface crack of the required lateral extent. 
From the results of this work, we find that the fracture 
mechanism developed in reference 2 still holds. Namely, the long 
slot-like cracks are closed at the crack mouth due to residual 
stress, and when the samples are stressed to fracture, a single 
half-penny shaped crack grows from the precrack and leads to 
failure. The cracks observed on a fracture surface are shown 
schematically in Fig. l(a), and an actual photograph of a fracture 
surface is shown in Fig. l(b). Notice that there is evidence of 
stable crack growth from the pre crack to a half-penny shaped 
crack. For a pre crack depth Co ' the sample will break when the 
half-penny shaped crack reaches a depth Cd' The crack at 
fracture is elliptical in shape and has a semi-major axis parallel 
to the surface of length Ct' Typically, Ct/Cd is equal 
to 3. We find that the fracture stress is given by: 
OF 2.4 ~i KIC ' 
where KIC is the fracture toughness of the material (KIC 4.7 
MPal; for hot pressed Si3N4) and 
a 
experimentally we find the simple relationship: 
We see then that our measurement technique has to address the 
problem of sizing a long, slot-like subsurface crack. 
The theoretical reflection coefficient of long, slot-like, 
subsurface cracks to a surface acoystic wave has already been 
calculated by Achenbach and Brind. Figure 2 shows the result of 
their calculation for three cracks with different closure depth at 
the mouth of the crack, versus crack depth. For the cracks under 
consideration in this work, the different closure depths would 
correspond to different amounts of surface residual stress. 
Notice that at low kb (Fig. 2), the reflection coefficient of the 
cracks is quite different which makes it possible to measure the 
depth of the contact area at the crack mouth, and possibly the 
residual stress. 
We use an immersion pulse-echo technique to measure the 
reflection coefficient of the cracks as described in reference 
2. Basically, a longitudinal transducer operating at a center 
frequency of SO MHz is incident on the sample at the critical 
angle for Rayleigh wave excitation. If no crack is present in the 
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sample, the Rayleigh wave which is leaky due to the presence of 
the water, reradiates its energy back into the water as a 
longitudinal wave. If a crack is present on the sample, a 
reflected leaky Rayleigh wave sends its energy back to the 
transducer which detects the presence of the crack. 
a 
crack front at 
instability 
Fig. 1. Cracks on a machining damage fracture surface. 
(a) Schematic representation, (b) actual photograph. 
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SCATTERING BY SUB-SURFACE CRACK 
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Fig. 2. Surface wave reflection coefficient of subsurface cracks 
(by Achenbach and Brind). 
The transducer is excited with a sharp pulse in order to 
obtain a broadband excitation spectrum. The reflection 
coefficient of the crack is measured versus frequency, along with 
the refelction coefficient of a 90 0 corner. The corner reflection 
is used to divide out the frequency response of the transducer, 
electronics4 and propagation path by standard Wiener filtering 
techniques. Figure 3 shows the result of one such measurement. 
Our measurements are made in the region of low kb, and we notice 
the presence of a null in the measured reflection coefficient that 
corresponds to a null in the theory for the case of (a/b) = 0.2 , 
and occurs at kb = 1.25. The null observed is not due to a 
resonance phenomena, it is due to the destructive addition of the 
reflected shear and longitudinal components of the surface wave. 
Scratches made with six different loads on the Knoop 
indentor, as shown schematically in Fig. 4, were used in our 
experiments. All the measurements showed nulls in the reflection 
coefficient of the cracks corresponding to kb = 1.25 , and 
alb = 0.2. Thus, knowing the frequency of the null, and the 
surface wave velocity on the sample, it is possible to calculate 
the precrack depth b. Figure 5 shows a graph of the 
acoustically predicted pre crack sizes as compared to the actual 
crack sizes measured on the fracture surface. We find that we 
consistently underestimate the crack size because, as seen in 
Fig. 1, the actual cracks are not uniform in depth, and we 
actually measure an average crack size seen by a beam width of 
1 mm. If better accuracy is needed, it is possible to use a 
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focused acoustic beam to reduce the size averaging we encounter 
with a 1 mm beam width. 
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Using the fracture mechanics model developed earlier, we 
calculate the predicted fracture stress and compare it to the 
actual fracture stress, with the results shown in Fig. 6. Notice 
that we have excellent agreement between our prediction and actual 
fracture. The reduction in error in fracture stress prediction 
over crack sizing is due to the square root dependence of the 
fracture stress on crack size. 
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Fig. 3. Experimental measurement of the reflection coefficient of 
a subsurface crack. Abscissa is frequence in MHz. 
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Fig. 4. Schematic diagram of the configuration for the six cracks 
evaluated in this work. 
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Fig. 5. Comparison of acoustically predicted crack size and 
measured crack size. 
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Fig. 6. Comparison of acoustical predicted fracture stress and 
actual fracture stress. 
We conclude that by measuring the reflection coefficient of 
subsurface cracks versus frequency it is possible to make accurate 
prediction of crack sizes and failure stress, which will be quite 
helpful in determining the extent of machining damge in brittle 
materials. 
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DISCUSSION 
B. Cox (Rockwell International Science Center): In the backscat-
tering theoretical predictions, as well as the null, there's 
also a fairly large peak, isn't there? 
B. T. Khuri-Yakub: Yes. 
B. Cox: Why do you use the null instead of the peak? 
B. T. Khuri-Yakub: The null was 25 megahertz, the other one is 
at 150 to 100 megahertz. It is just a matter of having the 
transducer in the range experimentally to get that far. 
What's actually more scary about that, if you noticed, the 
reflection co-efficient is like 0.7-0.8 which is a lot larger 
than the reflection co-efficient of 90 degrees. We have 
never seen reflection co-efficients this high, and the peak 
that we get experimentally is at lower frequencies, so I 
wonder how that compares to Visscher's predictions, and maybe 
Leonard can try something along those lines. 
J. M. Richardson (Rockwell International Science Center): Did 
your fractures always occur in the places you expected them 
based on the ultrasonic data? 
B. T. Khuri-Yakub: No. I really haven't seen the whole extent 
of the crack to know what that corresponds to versus the 
actual scans. 
J. M. Richardson: They are close, anyway? 
B. T. Khuri-Yakub: Presumably. 
B. A. Barna (EG&G Idaho): Just a simple question. When you were 
relating fracture stress, you showed two equations, and I 
thought one, you related to Cd and the other one you related 
to closure A. It is related to closure A? 
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B. T. Khuri-Yakub: No. The fracture stress. What you do is you 
take these samples and you apply stress to them and you get 
stable crack growth. If you actually unload before that 
crack grows to that critical value, the sample will not break; 
it will stay there. We've got some measurements where we 
can show this, that if you can hold it, the sample grows. 
The fracture study is related to the total stable crack it 
is going to grow to and that corresponds to .16 times the 
pre-carck size. 
J. J. Petrovic (Los Alamos National Laboratory): Your optical 
micrographs in the fracture shows various regions. The initial 
crack is followed by a region of stable crack growth followed 
by fast fracture. 
B. T. Khuri-Yakub: Right. 
J. J. Petrovic: Why are these regions delineated? What is the 
delineation? 
B. T. Khuri-Yakub: What do these mean, yop mean? 
J. J. Petrovic: What characteristic of the fracture is delineated 
in these three versions? 
B. T. Khuri-Yakub: I really don't know. Why is there a difference 
in color, are you asking? I don't know. I can see there 
being a difference in color if a crack were opened for some 
time and it gets some oxidation in it. Time involved in 
crack growth may also playa role. 
From the Floor: It is almost certainly the effect of the light 
scattering from the surface roughness factor. 
B. T. Khuri-Yakub: Right, right, but that says that the sample 
is breaking differently from one to the next to the next. 
